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ABSTRACT
In order to make feasible the use of irrigated areas of the Pontal Sul
Irrigation Scheme in Petrolina, State of Pernambuco, Brazil, model-
ling of real evapotranspiration (ET) and plant biomass production
(BIO) at a large scale was performed with associated agro-
meteorological data and the algorithm SAFER (Simple Algorithm
For Evapotranspiration Retrieving) using MODIS images for the
years 2010–2017. The year 2012 presented the highest ET average
with 3.15 mm day−1 in the rainy season, reaching a maximum of
6 mm day−1. The lowest mean ET was recorded in the year 2013,
with 0.08 mm day−1 in the dry season, and the maximum recorded
for the period was 3.40 mm day−1 in the irrigated agricultural area.
For BIO, the highest average was 104.82 kg ha−1 day−1, during the
rainy season of 2012, reaching a maximum value of 252 kg ha−1
day−1. The lowest average was for the dry period of 2013, with
a value of 0.93 kg ha−1 day−1, and a maximum of 112.51 kg ha−1
day−1 in the irrigated agricultural area. The higher ET results repre-
sent moisture in the root zone, provided by rainfall and/or irriga-
tion, showing maximum values in the rainy season. The results
obtained for BIO suffer greatly from perimeter water availability.
The present study becomes very important to the management of
water resources, as it provides an increase in water productivity for
food production.
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1. Introduction
Irrigated agriculture is an important economic activity in Northeastern Brazil, but as its
area expands, so do the demands for greater agricultural production and rational water
usage. However, the low, irregularly-distributed rainfall and the high evapotranspiration
rates in the region restrict water availability, necessitating the rational use of water while
increasing agricultural production.
Large-scale evapotranspiration (ET) modelling using satellite imagery and based on the
climatic conditions of each region and the water needs of the planted crops becomes very
important to irrigation management plans aimed at increasing the efficiency of water
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resource usage. ET quantification is a crucial in agricultural water management and in
hydrological modelling, enabling measurement of the water available for human and
ecological consumption (Shekar and Nandagiri 2016). However, its estimation needs to be
precise, obtained operationally, based on physical principles, and encompass wide areas
in order to meet the information requirements that assist in the management of water
resources (Cleugh et al. 2007).
According to de Castro Teixeira et al. (2013a), ET is an important precursor in the
quantification of plant biomass production (BIO), both for agricultural and native vegeta-
tion areas, as these parameters are indicative of hydric and vegetation conditions.
The municipality of Petrolina, in Pernambuco state, stands out as an important agri-
cultural centre due to the irrigation technologies applied to fruit crops in the vicinity of
the São Francisco River (de Castro Teixeira et al. 2017a, 2017b). Although the large-scale
energy balance developed in this municipality has already been the subject of previous
studies (de Castro Teixeira et al. 2013a, 2013b, 2017a, 2017b), more specific research on
the quantification of water productivity (WP) components, such as ET and local BIO, still
needs to be carried out to improve usage planning in irrigated areas in the Pontal Sul
Irrigated Scheme.
Thus, the objective of the present study consisted of monitoring the different agroeco-
systems of the Pontal Sul Irrigated Scheme between 2010 and 2017 bymodelling ET and BIO
on a large scale using remote sensing techniques, interpolating and associating data from
agro-meteorological stations to the SAFER (Simple Algorithm For Evapotranspiration
Retrieving) algorithm, and combining images from the MODIS sensor with the climatic
conditions of the Pernambuco semi-arid region.
2. Material and methods
Figure 1 shows the exact location of the Pontal Sul Irrigation Scheme within the munici-
pality of Petrolina (PE), delimited between the geographic coordinates 8°55ʹ39.66”S and
40°38ʹ13.39”W (in the upper region) and 9°07ʹ33.20”S and 40°25ʹ47.45” W, as well as
irrigated agricultural areas and the agro-meteorological stations from which climatic
data were used for the period between 2010 and 2017.
Global solar radiation (RG), air temperature (Ta), relative air humidity (RH), and wind
speed (u) were used to estimate the large-scale evapotranspiration reference (ET0) via the
Penman-Monteith method (Allen et al. 1998).
Rainfall data (P) were used to characterize the following seasons: rainy season (January-
April), end of the rainy season (May-July), dry season (September-October), and beginning
of the rainy season (November-December) in the irrigation scheme area.
The local climate is classified as BSwh’ according to Köppen’s climate scale, being a semi-
arid region (Teixeira 2012), with an annual average rainfall below 600 mm, concentrated
between the months of January andMarch, and an unstable water deficit lasting between 8
and 10 months; the average air temperature varies between 24 and 28ºC.
The native vegetation that predominates in the region is the Caatinga, with characteristic
shrub speciesmorphology: small leaves, thorns, and deep roots, providing greater tolerance
to the water deficit (de Souza et al. 2015). In the Pontal Sul Irrigation Scheme, part of the
native vegetation will be replaced by irrigated agriculture. This project was developed by
the Vales do São Francisco e do Parnaíba Development Company (CODEVASF), and includes
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families of small producers and rural enterprises with arable land, divided into varying sized
lots: smaller lots measuring 6 ha and larger lots measuring between 20 and 40 ha
(CODEVASF 2014). The orbital images used belonged to the MODIS sensor of the
MOD13Q1 product, aboard the Terra platform. MOD13Q1 consists of a set of vegetation
index products that generates 23 images per year, taken at 16-day intervals, with a spatial
resolution of 250 m. In this study, only bands 1 and 2 were used in the visible band at
reflectance level, in the h13v09 and h14v09 quadrants for the years between 2010 and 2017,
with a total of 24 images.
The surface albedo (α0)was calculatedusing Equation (1), proposedbyValiente et al. (1995).
α0 ¼ aþ bα1 þ cα2 (1)
where α1 and α2 are the monochromatic reflectance for bands 1 and 2 of the MODIS
sensor, respectively; and a, b and c are regression factors obtained through field data in
a survey conducted by de Castro Teixeira et al. (2008) with values of 0.08, 0.41 and 0.14 for
the Brazilian Semi-arid region, respectively.
The Normalized Difference Vegetation Index (NDVI) is characterized by indicating the
quantity and quality of green vegetation present on the surface, and was calculated using
Equation (2).
NDVI ¼ α2  α1
α2 þ α1 (2)
where α1 is the near infrared band and α2 is the red band. NDVI values range from −1 to +1
according to vegetation characteristics.
Figure 1. Location of the Pontal Sul Irrigation Scheme, Petrolina-PE, and of the agro-meteorological
stations (marked in red) used to obtain climatic data.
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The Rn was estimated using the Slob equation, proposed by de Castro Teixeira et al. (2008).
Rn ¼ 1 α0ð Þ  RG aL  τsw (3)
where aL is the regression coefficient specified through its relationship with Ta.
aL ¼ d  Ta  e (4)
where d and e are regression coefficients with values of 6.99 and 39.93, respectively, for
Brazilian semi-arid climatic conditions (de Castro Teixeira et al. 2013a).
Reflected short-wave solar radiation (RR) was estimated via the product of α0 and RG
(de Castro Teixeira et al. 2013b), according to Equation (5).
RR ¼ α0  RG (5)
The atmospheric long-wave radiation (Ra) was obtained by means of Stefan-Boltzmann’s
Equation (6).
Ra ¼ σ  εa  T4a (6)
where εa is the atmospheric emissivity (dimensionless); σ is the Stefan-Boltzmann con-
stant (5.67 10−8 W m−2 k−4), and Ta is the air temperature in K.
Equation (7) was proposed by Bastiaanssen and Ali (2003); to determine εa, obtained
through field experiments using alfalfa in Idaho, USA.
εa ¼ 0:85  ln τswð Þ½ 0;09 (7)
The Rs value was obtained using Equation (8), based on the sum of the results obtained by
the difference between the RG and the RR, and by the difference between Ra and Rn, i.e.
obtained as residue of the Rn equation.
Rs ¼ ðRG RRÞ þ ðRa  RnÞ (8)
The thermal bands of the MODIS image for the calculation of the surface temperature (Ts)
were not used owing to their low resolution (1000 m) and the amount of cloud coverage
that hindered the study’s progress. The estimation of Ts was performed as residue,








where Rs is the long-wave radiation emitted by the surface, and εs is the emissivity of the
surface, obtained through Equation (10).
εs ¼ f  ln NDVIð Þ þ g (10)
where f and g are regression coefficients with values of 0.06 and 1.00, respectively.
For the estimation of large-scale evapotranspiration (ET), the SAFER mathematical
model was used, where it is multiplied by the grid of daily ET0 values obtained in
agrometeorological stations, as described in Equation (11).
ET
ET0
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where h and i are the specific regression coefficients for the local semi-arid conditions,
with values of 1.8 and −0.008, respectively; and T0 is the surface temperature (k) (de Castro
Teixeira et al. 2013b).
Biomass production (BIO) on a large scale was performed by estimating photosynthetic
active radiation (PAR) by means of RG maps.
PAR ¼ j  RG (12)
where j is the regression coefficient for Brazilian semi-arid conditions, with a value of 0.44
(Teixeira et al. 2009).
The absorbed photosynthetically active radiation (APAR) was estimated by the results
of PAR.
APAR ¼ fPAR  PAR (13)
where fPAR is obtained from the NDVI value according to Equation (14).
fPAR ¼ k  NDVIþm (14)
where k and m are the regression coefficients with values of 1.257 and −0.161, respec-
tively, as described by Bastiaanssen and Ali (2003).
BIO was quantified according to Equation (15).
BIO ¼ εmax  Ef  APAR 0:864 (15)
where εmax is the maximum light use efficiency, considering a value equal to 2.5 g MJ
−1 as
the region exhibits most of the C4 species (Teixeira et al. 2009); Ef is the evaporative
fraction estimated by the latent heat flux fraction (λE) by subtracting Rn and the heat flux
in the soil (G), thus transforming the ET into an energy unit.
3. Results and discussion
P, ET0 and RG values are shown in Figure 2 for the municipality of Petrolina, in order to
better explain the evolution of ET throughout the 2010–2017 period.
The P results show that the highest rainfall volumes were concentrated between Julian
Days (JD) 001 to 113 (January to April), reaching a maximum concentration with
a percentage of 84.1% in 2016. According to Yan et al. (2015), a concentration of larger
proportions of rainfall in the first four months of the year arises from the more meridional
location of the intertropical convergence zone (ITCZ) during this time of the year, driven
by the cold occurring in the North Atlantic region. Comparatively, 2013 recorded the
lowest rainfall in the rainy season, with a percentage of 43.8%, lower than the percentage
value of the beginning of the rainy season (November to December) of the same year,
which accounted for 49% of the annual total. Droughts occurring in the middle of the
rainy season are common in this region, causing damage to rainfall-dependent agricul-
ture depending on its magnitude and duration (Muriithi 2016).
The lowest rainfall amounts were recorded in the dry season, represented by JDs 225 to
289 in 2013, with approximately 0.5% (volume of 1.4 mm) of 2013’s annual total. Although
2013 exhibits significant rainfall irregularity, the lowest accumulated rainfall value belongs
to 2012 – an annual total of 161.3 mm. According to Gutiérrez et al. (2014), this value
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stems from a variation in the Atlantic Ocean temperature caused by the Atlantic Dipole,
which alters the ITCZ and results in less rainfall in the Brazilian Northeast.
ET0 was higher in 2012 between JDs 001 and 113 (January to April), reaching
a maximum of 714.6 mm. The high air temperatures in this season increase ET0 rates,
which consequently reduces soil humidity and induces a negative climatic water balance
in this region (Correia et al. 2011). The minimum recorded value was 314.1 mm for JDs
305–353 (November-December) in 2013, the start of the rainy season. According to Allen
et al. (1998), ET0 variations are conditioned by meteorological factors such as air humidity,
wind speed, air temperature, and solar radiation, and may vary according to character-
istics of the region, such as surface cover, type of vegetation, geographic location,
photoperiod, and water availability, thus affecting crop water demand planning and
agricultural water usage.
The RG was high throughout the dry season (JDs 225–289) in all the years studied
herein; however, the maximum average was recorded at the start of the rainy season, with
a value equal to 22.2 MJ m−2 day−1 in 2015, given the solar zenith position and the low
cloud coverage conditions throughout this period in 2015. The lowest RG results were
recorded at the end of the rainy season (between JDs 129 and 209), with a value of 15.7
MJ m−2 day−1 in 2015. According to de Carvalho Alves et al. (2013), the higher the cloud
cover, the lower the RG incidence on the surface, which may explain its decrease
throughout and at the end of the rainy season.
Figure 3 shows the ET spatial distribution, means, and standard deviations, in terms of
Julian days (JD), in the Pontal Sul Irrigation Scheme in the city of Petrolina (PE),
Northeastern Brazil, for the years 2010 to 2017.
The highest ET averages were concentrated in the rainy season, where the maximum
value of 6.0 mm day−1 was recorded in the 049–064 Julian Day (JD) interval of 2012
(between February and March), with peaks caused by rainfall accumulation (Figure 2) on
previous days. de Castro Teixeira et al. (2013a), in a study of large-scale water productivity
in the municipalities of Petrolina/PE and Juazeiro/BA in 2011, found that the maximum ET
values are found in the rainy season, between January and April, reaching a maximum of
Figure 2. Cumulative rainfall (P), reference evapotranspiration (ET0) and mean global solar radiation
(RG) values between 2010 and 2017.
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Figure 3. Spatial distribution of the real evapotranspiration (ET) values, means, and standard devia-
tions, in terms of Julian days (JD), in the Pontal Sul Irrigation Scheme, Petrolina – PE, for the 16 day
periods of the MODIS product, for the years 2010–2017.
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2.0 mm day−1 in April. de CastroTeixeira et al. (2015) applying SAFER to Landsat-8 images
to determine water productivity in 2014 in the Nilo Coelho Irrigation Scheme (located
between the municipalities of Petrolina/PE and Casa Nova/BA), found a maximum result
above that reported in the present work for irrigated areas 7.0 mm day−1 in the rainy
season. However, de Castro Teixeira et al. (2017a), using the SAFER algorithm to develop
water indices in the irrigated areas of the Petrolina/PE and Juazeiro/BA agricultural
regions in 2015, found results similar to the current study’s for this season, with irrigated
areas exhibiting maximum ETs of 5.40 and 4.70 mm day−1, respectively. In the Cabaceira
Comprida Basin in the municipality of Santa Fé do Sul/SP, Coaguila et al. (2017) estimating
ET by applying SAFER to Landsat-8 images in 2015, found a maximum average of 1.87 mm
day−1 in January, corresponding to a rainy summer. Andrade et al. (2016), applied SAFER
on degraded pastures in the Alto Tocantins/GO Basin, found a maximum value of 3.4 mm
day−1 in 2012.
Evapotranspiration exhibited a greater heterogeneity during the rainy season – as
indicated by the standard deviation (SD) data of the representative images – caused by
the irregular rainfall distribution in the region. The high ET values in Caatinga areas occur
soon after the rains, as shown in the representative rainy season images, since the
preceding rainfall keeps the natural species moist and green (de CastroTeixeira et al.
2015). However, some years exhibited markedly low ET values during the rainy season –
some close or equal to zero – due to natural phenomena that caused low P rates in the
previous months, as seen in irrigated areas through JDs 033 to 048 in 2013 and 097 to 112
in 2017, with maximum values of 4.2 and 3.7 mm day−1, respectively.
During the years studied herein, maximum ET values stood out only in areas with
a higher concentration of native vegetation (NV) and IA areas. However, in exposed soil
regions, ET values were close to or equal to zero, making its variation more homogeneous,
with SD ranging between 0.23 and 0.44 mm day−1 between the end of the rainy season
and the dry season.
The end of the rainy season presented high ET results, stemming from the marked
accumulated P from the previous months. The peaks during this period also decreased,
due to cloud dispersion and decreased soil moisture. The year 2014 exhibited an unusual
result, with ET values above corresponding results for this period in the region due to
a delay in the rains. On the other hand, 2013 and 2015 showed below-average results due
to the low accumulation of P over the previous months.
Regarding the dry season, results close to or equal to zero can be found in most of the
studied years. Nonetheless, the maps during this period showed points wherein ET is
higher than the daily average, as recorded in IA areas, obtaining maximum values of 3.40
to 5.25 mm day−1 in JDs 273–288 of 2013 and 2016 respectively, comprising the con-
centration of soil moisture retained in their root zone.
According to (de CastroTeixeira et al. 2015), due to the greater duration of drought
periods in the dry season, the Caatinga vegetation uses the available energy as sensible
heat flux (H), limiting both transpiration and photosynthesis, thus reducing ET values
(values near or equal to zero), contrasting with the Caatinga species in irrigated areas
which presented a maximum value of 5.60 mm day−1, close to the results presented in the
current work. According to Teixeira and Leivas (2017), this season sees a higher atmo-
spheric demand stimulated by the solar zenith position and low cloudiness between
August and November, which causes the increase of the average ET0 values. This increase
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favours agricultural areas, where uniform crop irrigations occur daily. Sales et al. (2017)
estimated the ET in a central pivot-irrigated area cultivated with tomato using SAFER at
the Cabeceira do Piracanjuba farm in the municipality of Silvânia/GO, finding a maximum
value of 4.7 mm day−1 in August (the dry season in this region).
The beginning of the rainy season yielded moderately elevated ET values, with greater
heterogeneity as indicated by the SDs, where ET peaks occurred from accumulated rainfall
over the previous days (Figure 2). The maximum recorded in this season occurred in 2014,
with a peak of 5.21 mm day−1 in JDs 353 to 365, caused by the increase of irrigated areas.
de Castro Teixeira et al. (2013a) registered a maximum ET value of 200 mmmonth−1 in the
municipalities of Petrolina and Juazeiro between November and December 2011, corre-
sponding to the IA areas, due to the combined effect of rainwater and irrigation usage by
crops under high atmospheric demands.
Figure 4 shows the spatial distribution, means, and standard deviations of plant
biomass production (BIO) in terms of JDs in the Pontal Sul Irrigation Scheme between
2010 and 2017, in Petrolina (PE), Northeastern Brazil.
Similar to ET, the highest BIO average valueswere found during the rainy season, where the
maximum computed value reached 287 kg ha−1 day−1 in the 16-day interval corresponding to
JDs 033–048 in 2016 (in themonth of February), stemming from higher soil moisture contents
and RG values in this period (Claverie et al. 2012). According to de Castro Teixeira et al. (2016),
BIO production is favoured by high levels of photosynthetically active radiation (PAR) and
water availability in theplants’ root areas. deCastro Teixeira et al. (2013a) found thehighest BIO
values in the municipalities of Petrolina/PE and Juazeiro/BA between February and April, with
maximum rates exceeding 4,000 kg ha−1 month−1, including NV and IA areas. In 2014, in the
Nilo Coelho Irrigation Scheme, located between the municipalities of Petrolina/PE and Casa
Nova/BA, de CastroTeixeira et al. (2015) calculated a maximum value of BIO of 300 kg ha−1
day−1 in the areaswith IA for themonth of January. Teixeira and Leivas (2017), using the SAFER
algorithm to determine water productivity with Landsat-8 images in the municipality of
Juazeiro/BA in 2014, obtained equivalent results to those obtained here, with a maximum of
250 kg ha−1 day−1 in AI areas. Coaguila et al. (2017) also reported high average BIO values
during the rainy season in themunicipality of Santa FédoSul/SP, reachingamaximumaverage
of 64.2 kg ha−1 day−1 in the month of January.
Greater heterogeneity in BIO values was found during the rainy season, as highlighted
by the representative images’ SDs, stemming from the irregular rainfall distribution in this
region; however, over the years analysed in this study, the maximum BIO values were
concentrated in areas with a greater concentration of NV and IA, whereas areas with
exposed soil showed BIO results close to or equal to zero, rendering their results more
homogeneous, i.e. closer to the daily average.
At the end of the rainy season, BIO values were elevated in scattered regions throughout
the irrigation scheme area, with peaks occurring from the significant accumulated rainfall from
the previous days and high ET averages in the irrigated areas, reaching a maximum value of
229 kg−1 day−1 in JDs 161–176 of 2013 (month of June), even presenting the lowest recorded
average among the studied years. de CastroTeixeira et al. (2015) and Teixeira and Leivas (2017)
found higher averages in 2014 in the Nilo Coelho Irrigation Scheme and the municipality of
Juazeiro/BA, respectively, with maximum averages of 146 and 124 kg m−2 day−1 in IA areas.
Values close to or equal to zero were found inmost of the Pontal Sul Irrigation Scheme in
all studied years’ dry seasons. These values arise from low accumulated P values and high RG
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Figure 4. Spatial distribution of biomass values (BIO) in the Pontal Sul Irrigation Scheme, Petrolina –
PE, for the 16-day period of the representative MODIS product for the years 2010 to 2017.
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levels, mainly in the JDs corresponding to the months of September and October. However,
in the middle of this period, there were sites within the irrigation scheme area with higher-
than-average BIO values, including IA areas, with a maximum value of 241.63 kg ha−1 day−1
in the JDs between 273 and 288 (September andOctober 2016), due to the concentration of
moisture retained in the root zone of the plants provided by irrigation. In the municipalities
of Petrolina/PE and Juazeiro/BA, de Castro Teixeira et al. (2013a) recorded the lowest results
in the dry season, with pixel values around 142 and 92 kg ha−1 month−1, respectively, while
de CastroTeixeira et al. (2015) found the lowest averages of BIO in the area of the Nilo
Coelho Irrigation Scheme during the dry season; nonetheless, the maximum results were
recorded in IA regions, where values varied between 240 and 300 kg ha−1 day−1. Likewise,
Teixeira and Leivas (2017) reported that IA regions stood out in the dry season, presenting
maximum results that varied between 200 and 250 kg ha−1 day. Andrade et al. (2016), while
estimating BIO values in degraded pastures using SAFER in the Alto Tocantins/GO Basin,
found maximum values of 112.9 kg ha−1 day−1 in 2012.
Regarding the beginning of the rainy season, high average BIO values were only found
in the 2010, 2011, 2013, and 2014 when compared to the rainy season, with the occur-
rence of peaks stemming from the considerable accumulated P over the previous days
and maximum RG averages (Figure 2). The results obtained during this season reached
a maximum value of 225.27 kg ha−1 day−1 in JDs 353–365 in 2010, corresponding to IA
areas, which provided an increase in average BIO values.
4. Conclusions
The use of orbital images of the MODIS sensor with the application of SAFER in conjunc-
tion with data from agro-meteorological stations provided greater detail on water
demand and biomass production in the Pontal Sul Irrigation Scheme between 2010 and
2017, showing a clear difference between the rainy season, the end of the rainy season,
the dry season, and the beginning of the rainy season.
Both evapotranspiration and biomass production are higher during the rainy season
(comprising the months of January, February, March and April) throughout all the studied
years. The irrigated agricultural area exhibited higher values than Caatinga areas, providing an
increase in both evapotranspiration and biomass production, especially during the dry season.
The ET values found in Caatinga vegetation areas represent moisture in the root zone,
with maximum values found during the rainy season. The biomass results are strongly
influenced by water availability, as verified by the increment shown by the irrigated
agricultural area when compared with the native vegetation in the irrigation scheme.
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